chromosomes in pairs, the possibility oftwo individuals having the same VNTR in the Huntington gene is less than one percent, ifwe assume equal distribution for various repeats. When several allels containing VNTR are analyzed for the number of repeats, the possibility of two individuals being exactly identical becomes very unlikely. Thus, DNA fingerprinting is a reliable tool for forensic analysis. In DNA fingerprinting, knowledge of the sequence of tandem repeats and restriction endornuclease sites can provide the basis for identification.
The major steps3 for conventional DNA fingerprinting include (1) specimen processing, which usually involves the chemical extraction of genomic DNA, (2) amplification of selected DNA segments by PCR, and (3) gel electrophoresis to do the final DNA analysis. In general, the process of gel electrophoresis involves the radioactive material labeling or dye tagging. 4 It is a very time consuming process. In this work we propose to use laser desorption mass spectrometry for fast DNA fingerprinting.
The conventional method used for sizing DNA fragments is gel electrophoresis. In this process, an electric field is applied to the gel medium to cause the drift ofDNA fragments that typically exist as charged particles. The drift velocity tends to be slower as DNA fragments become larger.
However, this process is slow and it takes hours to separate different sizes of DNA fragments. The resolution is not very good due to the limitation caused by the physical size of the electrophoresis instrument, which limits the separation of different sizes of DNA. In addition, other physical and chemical properties of gel, such as viscosity, temperature, and temperature gradients, tend to influence the drift velocity of DNA fragments. Thus, a gel electrophoresis method is not suitable to accurately measure the molecular weight of biomolecules. It can only be used to detect biomolecules that have an electrical charge in the gel solution.
Mass spectrometry has been used for several decades to measure the molecular weight of gas 200 ISPIE Vol. 2277 samples by mass4o-charge ratio. In order to use a mass spectrometer for molecular weight determination, ions must be produced in gas phase and the absolute pressure in the mass spectrometer needs to be less than 1O Torr to prevent collisions between ions and other gaseous molecules. In general, a mass spectrometer needs to have three key components. They are (1) an ionizer, (2) a mass selector, and (3) an ion detector. Since mass spectrometry is based on the detection of gas phase ions, a means ofproducing ions is obviously needed.
A mass spectrometer can be used for molecular weight determination only under the condition that the molecular ions are produced in space. However, DNA fragments in general do not have enough vapor pressure for gas phase analysis. In order to use mass spectroscopy for DNA fragments, it is necessary to develop a method which places DNA fragments in space without breaking them up.
For the analysis of materials with no vapor pressure at room temperature, several desorption methods have been used to carry the analytes into space for mass analysis. Major approaches include fast atom bombard (FAB) mass spectrometry, secondary ion mass spectrometry (SIMS), and laser desorption mass spectrometry (LDMS). However, none of these have been very successful for analysis of large biomolecules. Since most biomolecules are fragile, when subjected to heat or bombardment, a fragmentation process almost always occurs. However, in 1 987 Hillenkamp and his coworkers5 discovered that large protein molecular ions can be produced without much fragmentation by laser desorption ifthese biomolecules are mixed with smaller organic compounds which serve as a matrix for strong absorption of a laser beam. This process is now called matrix-assisted laser desorption (MALD). The typical preparation technique for MALD is to dissolve biomolecular samples in solution, then prepare another solution containing a small organic compound such as nicotinic acid. These two solutions are subsequently mixed and a small amount of solution is placed on a metal place to dry. After the crystallization ofthe sample, the sample plate is placed in the mass spectrometer for analysis. The molar ratio of matrix to analyte is typically more than 1 000 to 1 . For a MALD process, matrix materials strongly absorb the laser energy and become vaporized, and large biomolecules are carried out during the fast vaporization process. Large biomolecules can be delivered into space without breakup, which is probably due to minimal direct absorption of laser energy; thus, "soft" desorption can be achieved. However, it has also been found that parent biomolecule ions are also produced during the MALD process in addition to the expected neutral molecules. Thus, these desorbed ions can be directly detected by a mass spectrometer. The process involving ionization and matrix-assisted laser desorption at the same time is abbreviated MALDI (namely, matrix-assisted laser desorption and ionization).
The key advantage to using mass spectrometry for DNA detection is speed. Using gel electrophoresis for DNA separation typically takes a few hours, and overnight if radioactive tagging is used. However, a mass spectrum can be obtained within one second. For example, a time-of-flight mass spectrometer (TOFMS) usually needs less than one millisecond to separate different sizes of DNA thus speed is improved by six to seven orders of magnitude. In addition, hundreds of samples can be placed in a mass spectrometer for fast analysis if the sample holder is designed to hold multiple targets. For gel electrophoresis, tagging of radioactive materials or organic chromophore is required for detection. Thus, radioactive or chemical wastes are produced. Mass spectrometry promises to eliminate the need for tagging; therefore, no waste will be produced.
Although matrixassisted laser desorption/ionization has been very successful for proteins, the success for DNA has been limited to only small oligonucleotides due to the fragile chemical structures ofDNA. Recently, we found a few new matrices that enable the use ofMALDI for detecting large DNA segments. In addition, the more innovative design ofa timeof-flight mass spectrometer also improved the detection sensitivity.
EXPERIMENTAL
A schematic diagram of the experimental apparatus is shown in Fig. 1 . A Nd:YAG laser capable ofdelivering four different wavelengths (i.e., 1064 nm, 532 nm, 355 nm, and 266 nm) was used for laser ablation. Typical laser fluence used in this work was less than 200 mJ/cm2 to prevent any possible production ofplasma or fragmentation. An ion deflector was used to deflect electrons and small ions whenever it was necessary since the large number of desorbed electrons and small ions was often enough to saturate the electron multiplier. The pulse duration of the ion deflector was adjustable, ranging between 4 and 40 j.s, and the maximum switching voltage was 5 kV. A conversion box was used to receive ions and emit secondary electrons. A Johnston Laboratories, Inc., electron multiplier was used to detect secondary electrons from an aluminum foil in the conversion box. The conversion box was installed to reduce the probability of saturation of the electron multiplier by scattered laser light, and to prevent the contamination ofthe first dynode of the Johnston multiplier by the organic and bioorganic samples used. Signals from the multiplier went through a preamplifier and subsequently to a fast digital oscilloscope with a maximum sampling rate of 280 samples/s. TOF waveforms from each laser pulse were transferred to a computer for data storage and retrieval. The maximum resolution (m/m) ofthe TOF spectrometer is only about 400. However, the TOF resolution ofheavy DNA segments is somewhat lower. This is probably due to the matrix materials, since the initial velocity distribution of desorbed oligomers is expected to be similar to the velocity distribution ofthe matrix material. Singlestranded DNA segments used in this work were obtained from Oligos Etc., Inc. Double-stranded DNA segments were obtained by using polymerase chain reaction (PCR) for DNA amplification from selected genomic DNA.
RESULTS AND DISCUSSION
A laser-desorption negative ion mass spectrum of mixtures of 3, 4, 5, 8, 1 1, 15, 20, and 34 nucleotides with 3-methisalicylic acid and 3-hydroxy.4methoxybenzaldehyde mixtures excited by a 355 nm laser beam is shown in Fig. 2 . Parent ions ofeach oligomer were observed. However, the observation ofparent ions is only limited to small oligonucleotides. Figure 3 shows the spectrum of somewhat larger single-stranded DNA with 3hydroxypicolithc acid as the matrix. Recently, we found that picolinic acid is a better matrix for MALDI ofDNA. A mass spectrum ofmixtures of singlestranded DNA of 150 mer and 100 mer is shown in Fig. 4 . A MALDI spectrum of double stranded DNA with 246 base pairs using the mixture ofpicolinic acid and 3hydroxypicolinic acid as matrices is shown in Fig. 5 . It was found the DNA ions detected in the mass spectrometer always corresponds to the molecular weight of singlestranded DNA. Although the molecular weights of each singlestranded DNA are not the same, the limited resolution prevents the observation of two separated peaks. The DNA segments used represent a partial sequence of a human immunoglobulin VA gene. The quantity of DNA in a sample was estimated as 200 femtomole by measuring fluorescence intensity using a fluorometer. Figure 6 shows the mass spectrum of double-stranded DNA of500 base pairs in size. The quantity ofDNA in the sample was estimated as 100 femtomole. Both single and double-charged ions were detected. Figure 7 shows the mass spectrum of mixtures ofpoly-A. The resolution was good enough to resolve the DNA segments with one base difference. However, for DNA larger than 100 nucleotides, the resolution usually is still not good enough to distinguish the oligonucleotide with a single base difference.
In order to achieve fast sequencing for DNA fingerprinting by laser mass spectrometry, in our opinion, the following three conditions are required: (1) the size ofthe DNA fragment to be detected should be larger than 300 nucleotides, (2) the sensitivity needs to be high enough to detect quantities typical ofPCR production, usually in the femtomole region, and (3) the resolution ofmass spectra needs to be sufficiently high for sequence determination. We have proven that laser desorption mass spectrometry can be used to detect large DNA segments and for good sensitivity. Ifthe resolution can be significantly improved, fast DNA sequencing for DNA fingerprinting by laser desorption mass spectrometry should become a practical reality.
Assuming better resolution can be obtained in the near future, we give this example of mass spectrometry for DNA sequencing: a small single-stranded oligonucleotide with the structure of GAA TTC CGC CGA TAC TGA CGG GCT CA GGA GTC GTC 0CC ACC is to be sequenced. Sanger's method will produce four different sets of DNA ladder products with selected terminal nucleotides such as A (adenine), T (thymine), C (cytosine), and G (guanine). These four sets of DNA ladder products are to be mixed with a matrix such as the mixture of PA and 3HPA, and subsequently placed into the mass spectrometer for detection. Figure 8 is the illustration of the concept for using MALDIMS for DNA sequencing. The time required for running gel electrophoresis is usually in terms ofhours. However, the time for analyzing a DNA sample by mass spectrometry is typically in the range of a few hundred microseconds.
In addition to using sequencing for DNA fingerprinting, the measurements ofthe size of DNA can also be used for DNA fingerprinting. Figure 9 shows the mass spectrum of a pair of double stranded DNA, clearly indicating that one set of double-stranded DNA has three base pairs less than the other set of double-stranded DNA. These results indicate that VNTR can also be detected by laser desorption mass spectrometry.
In conclusion, laser desorption mass spectrometry is emerging as a powerful tool for fast DNA fingerprinting. We expect a real demonstration and routine use in the near future. . Mass spectrum for a pair of double-stranded DNA. Two peaks show one for 60 base pairs, the other for 57base pairs. Although double-stranded DNA segments were in the sample, the observed ions correspond to the molecular weight of single-stranded DNA. d(T)50 was used for calibration of the molecular weights of other DNA peaks. This result shows that fast DNA fingerprinting by mass spectrometry should be feasible.
